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Abstract⎯This paper concerns the relationships between selected circulation indices and 
air temperature over Southeast Poland between 1871-2010. The geostrophic wind speed 
and the resultant vorticity were computed based on daily gridded fields of mean sea-level 
pressure over an area defined from 5°20’ to 40°20’E and from 41°15’ to 61°15’N. The 
highest daily mean geostrophic wind speed over Southeast Poland is observed from 
December to February. In turn, the maximum (positive) values of the resultant vorticity 
occur in April and May, while the minimum (negative) values are observed in January. 
Mean air temperature from November to February has a strong positive correlation with 
the geostrophic wind speed. Moreover, the occurrence of the highest coefficients 
regarding the correlation between the geostrophic wind speed and air temperature in 
winter as well as the NAO index was recorded at the beginning of the 21st century. This 
suggests that the range of impact of sea-level pressure distribution over the North Atlantic 
on the winter air temperature over Southeast Poland may have increased over the last 
decades. One of the causes may be an eastward shift of the position of the center of the 
Icelandic Low and the Azores High in the period from December to February. 
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1. Introduction 
One of the primary factors affecting climate is the large-scale atmospheric 
circulation that develops as a result of uneven distribution of solar radiation, the 
Earth’s rotation, and interactions between the atmosphere and geosphere 
(Klavins and Rodinov, 2010). It determines the spatial distribution of air 
temperature and humidity, cloudiness, or precipitation among others. Therefore, 
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it largely influences the weather conditions over a given area (Post et al., 2002). 
A particularly high variability of weather patterns is observed at the European 
mid-latitudes – i.e., in the region where polar air masses collide with arctic or 
tropical air masses (Sepp and Jaagus, 2002). Over a longer time span, the 
character of atmospheric circulation is also subject to changes, as demonstrated 
by the results of research carried out by many authors (e.g., Bárdossy and 
Caspary, 1990; Kyselý and Huth, 2006; Rogers, 1990; Slonosky et al., 2000). 
Large-scale atmospheric circulation can be described, among others, by 
means of physical parameters, including the geostrophic wind speed and the 
resultant vorticity (Maraun et al., 2010). These circulation indices can be useful 
tools for the determination of both the annual and interannual variability of air 
flow strength as well as cyclonic and anticyclonic circulation activity in a given 
area (Conway et al., 1996; Flocas et al., 2001). The relationship between the 
synoptic scale air flow strength and the resultant vorticity including air 
temperature as well as precipitation has been analyzed a number of times 
(Brandsma and Buishand, 1997; Kilsby et al., 1998; Wilby, 1999). The 
circulation indices under discussion can be calculated based on the values of 
mean sea-level pressure and have been deemed applicable and useful in the 
classification of circulation types (Chen, 2000; Linderson, 2001; Post et al., 
2002; Trigo and Da Camara, 2000). 
The climate of Poland is largely determined by the physical properties of 
air masses, inflowing from the west (from the Atlantic Ocean), east (from the 
Eurasian continent), north (from the Arctic), and south (from the Mediterranean 
Sea or North Africa). In addition to the direction of the air flow, weather 
conditions in this part of Europe can also be affected by air flow speed. Polish 
climatological literature analyzes the correlation between the geostrophic wind 
speed, among others, with air temperature (Degirmendžić et al., 2002), 
precipitation (Miętus, 1996), snow cover (Nowosad, 2012), as well as water 
level fluctuations along the southern Baltic Sea Coast (Olechwir, 2008). 
However, no detailed studies exist so far concerning long-term changes in the 
geostrophic wind speed and vorticity, and its relationships with air temperature 
on a centennial time-scale over South-East Europe. Such an analysis may prove 
to be highly significant, because it could be used in research on climate change 
in this part of the continent. 
The objective of this paper is to provide a comprehensive determination of 
the annual and interannual variability of the geostrophic wind speed and 
vorticity over the area of Southeast Poland, and an assessment of the strength of 
the correlation between the circulation indices and air temperature between 1871 
and 2010. 
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2. Material and methods 
Circulation indices over Southeast Poland were calculated on the basis of 
equations adapted from Jenkinson and Collison (1977). In this paper, daily 
gridded fields (5° × 5° longitude-latitude) of mean sea-level pressure (MSLP) 
were used over an area centered at 51°15’N and 22°50’E (Fig. 1). MSLP values 
covered the period from 1871 to 2010, and were obtained from the Twentieth 
Century Reanalysis version 2 (20CRv2). The historical reanalysis dataset 
generated by NOAA Earth System Research Laboratory and the University of 
Colorado CIRES is a comprehensive global atmospheric circulation dataset 
spanning 1871–2010, assimilating only surface pressure and using monthly 
Hadley Center SST and sea ice distributions (HadISST1.1) as boundary 
conditions (Compo et al., 2011). It should be mentioned that there may be data 
quality issues in the nineteenth century, but this problem is also implicit in the 
early gridded chart products (Jones et al., 2013). Therefore, prior to 1950, 
measured trends in the 20CR data should be treated with caution (Brönnimann et 
al., 2013; Bett et al., 2017). However, the time series of seasonal geostrophic 
wind speeds derived from the observations and from 20CR are in good 
agreement starting in 1893 (Wang et al., 2013). 
 
 
 
 
 
 
 
Fig. 1. Location of grid points centered over the Lublin Region (central point at 51°15’N 
and 22°50’E). The numbers refer to the grid points used in the equations. 
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The geostrophic flow (F) was calculated on the basis of two air flow 
indices – i.e., westerly flow (W) and southerly flow (S): 
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The direction of the geostrophic flow was determined for days on which  
F > 2 ms-1: 
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The resultant vorticity (Z) was calculated on the basis of zonal shear 
vorticity (ZW) and meridional shear vorticity (ZS): 
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The coefficients in the formulas differ from those used by Jenkinson and 
Collison (1977), as the latitude is different. The grid points from p1 to p32 
correspond to the sea-level pressure values (hPa). The flow units (F) are 
geostrophic, expressed as hPa per 10° latitude at the central latitude 
(51°15’N); each unit is equivalent to 0.62 ms-1. It should be note that the 
geostrophic wind direction does not always correspond to real air flow 
direction near the surface. The resultant vorticity (Z) units are expressed as 
hPa per 10° latitude at the central latitude (51°15’N), per 10° latitude; 1 unit 
is equivalent to 0.7 x 10-6 s-1. 
The monthly and seasonal North Atlantic Oscillation Index from 1871 to 
2010 (Jones et al., 1997) was applied to evaluate the correlations between the 
strength of the zonal flow over Southeast Poland and the North Atlantic 
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Ocean. The NAO index is defined as the difference between the normalized 
sea-level pressure over Gibraltar and Southeast Iceland. In order to determine 
the correlations between the air circulation indices and thermal conditions in 
the analyzed area, a long-term homogeneous series of mean monthly 
temperature measurements in Puławy was applied (Górski and Marciniak, 
1992). Dataset after the 1980s were obtained from the Polish Institute of 
Meteorology and Water Management (IMGW-PIB). The meteorological 
station is located in Southeast Poland (φ=51°25'N, λ=21°58'E, h=142 m 
a.s.l.), and belongs to the Institute of Soil Science and Plant Cultivation in 
Puławy. 
In order to identify periods manifesting an increased or reduced strength 
of correlation between the variables, correlation coefficients were determined 
for each of the subsequent 30-year periods within the period from 1871 to 
2010. 
3. Results 
3.1.  Frequency distributions and annual variability of air flow indices 
In the period from 1871 to 2010, the daily mean geostrophic wind speed over 
Southeast Poland ranged from 3 to 6 ms-1 in the majority of cases (Fig. 2a). 
The lowest values (F <1 ms-1) occurred over 9 days in a year on average, 
while the highest (F ≥15 ms-1) would occur over 5 days in a given year 
(Fig. 2a). In the case of daily mean resultant vorticity, the distribution of days 
was distinguished by an occurrence of the maximum in the domain of 
negative vorticity values (Fig. 2b). The contribution of days with negative 
and positive vorticity values over Southeast Poland amounted to 67.2% and 
32.8%, respectively, whereas 10.9% corresponded to days with a stronger 
anticyclonic circulation (Z < –15 × 10-6s-1), and only 3.6% to a stronger 
cyclonic circulation (Z ≥ 15 × 10-6s-1). 
Over Southeast Poland, the highest daily mean geostrophic wind speed 
(7≤ F <9 ms-1) is recorded from December to February (Fig. 3a). This results 
from the occurrence of large horizontal air pressure gradients in the North 
Atlantic/European sector at this time of the year. Additionally, in winter, a 
higher variability in the monthly mean geostrophic wind speed is observed on 
the annual scale (Fig. 4a). From the beginning of March until the end of the 
summer season, the daily mean geostrophic wind speed rapidly decreases, and 
the minimum occurs from June to August (F ≈ 4.0 ms-1), when monthly mean 
values do not reach the lowest value from January (Fig. 4a).  
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Fig. 2. Frequency distributions of daily mean values of (a) the geostrophic wind speed 
and (b) the resultant vorticity over Southeast Poland from 1871 to 2010. 
 
 
 
 
Variability in daily mean vorticity values over Southeast Poland is 
distinguished by its irregularity during the course of a year (Fig. 3b). Their 
minimum occurs in the middle of January, while they peak from April to May. 
The second annual minimum of daily mean vorticity occurs from September to 
October, followed by an increase in the values towards those recorded in 
summer (Fig. 3b). Similarly as in the case of the geostrophic wind speed, the 
highest variability of monthly mean vorticity values over Southeast Poland is 
observed in winter, and the lowest in summer (Fig. 4b). 
 
 
 
 
 
  
Fig. 3. Annual course of the daily mean (a) geostrophic wind speed and (b) resultant 
vorticity values over Southeast Poland in the period 1871–2010. 
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Fig. 4. Features of the empirical distribution of the monthly mean (a) geostrophic wind 
speed and (b) resultant vorticity values over Southeast Poland in the period 1871–2010. 
 
 
 
 
3.2. Interannual variability of air flow indices over Southeast Poland 
In winter, the highest mean geostrophic wind speed values were recorded in the 
years 1896–1910 and at the turn of the 1980’s and 1990’s, whereas the lowest 
was noted between 1963 and 1970 (Fig. 5). In spring, higher values occurred at 
the end of the 19th century and at the turn of the 1930’s and 1940’s, with lower 
figures in the 1920’s and 1950’s, as well as in the first decade of the 21st 
century. In summer, mean air flow speed often reached low values in the last 
three decades; the absolute minimum was recorded in 2000 (F = 3.1 ms-1). In 
autumn, no occurrence of longer periods with higher or lower wind speed was 
recorded. In the case of annual means, higher values were the most evident in 
the first decade of the 20th century, whereas they were lower in the 1960’s, 
(Fig. 5). In the period from 1871 to 2010, the highest mean annual value was 
recorded in 1993 (F = 6.7 ms-1), and the lowest in 1982 (F = 5.3 ms-1). 
The lowest mean vorticity values in winter occurred between 1925 and 1934, 
and from the end of the 1980’s to the beginning of the 21st century (Fig. 6). In 
spring, the minimum occurred in the period 1942-1969, with the maximum 
occurring at the turn of the 19th and 20th century. In summer and autumn, as well 
as annually, the highest mean vorticity values (intensified cyclonic circulation) 
were recorded between 1900 and 1915. Out of all of the analyzed years, the highest 
mean annual vorticity value was recorded in 2010 (Z = –0.8 × 10-6s-1). The 
maximum for May and November also occurred in the same year (Z = 5.3 × 10-6s-1 
and 7.4 × 10-6s-1, respectively). The lowest annual mean was recorded in 1961 (Z = 
–7.4 × 10-6s-1). The minimum for the summer period was also recorded for that 
year (Z = –7.5 × 10-6s-1). 
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Fig. 5. Long-term variability of the mean values of the geostrophic wind speed in winter 
(DJF), spring (MAM), summer (JJA), autumn (SON), and the year. Values are smoothed 
by 13-element Gaussian filter (bold line). 
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Fig. 6. Long-term variability of the mean values of the resultant vorticity in winter (DJF), 
spring (MAM), summer (JJA), autumn (SON), and the year. Values are smoothed by a 
13-element Gaussian filter (bold line). 
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3.3. Relationships between air flow indices and air temperature 
The mean geostrophic wind speed over Southeast Poland shows no evident 
correlation with mean sea-level pressure values (Table 1). Statistically 
significant correlation is recorded only in June and September – i.e., decreases 
(increases) in MSLP are accompanied by a stronger (weaker) air flow. 
Throughout the year, decreases (increases) in MSLP are accompanied by an 
increase (decrease) in vorticity. With the exception of the July to September 
period, the correlation coefficient (r) between vorticity and air pressure reaches a 
value of approximately –0.80 (Table 1). 
 
 
Table 1. The linear correlation coefficients between the mean sea-level pressure and the 
geostrophic wind speed (F), as well as the resultant vorticity (Z) at grid point 51°15’N; 
22°50’E, in the period 1871–2010 
Index Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
F -0.05 -0.03 0.07 -0.08 -0.04 -0.32a -0.18 -0.11 -0.24b -0.14 -0.15 -0.07 0.04 
Z -0.78a -0.78a -0.79a -0.77a -0.80a -0.81a -0.71a -0.62a -0.62a -0.77a -0.79a -0.82a -0.76a 
a, b – significant at p < 0.01, p < 0.05, respectively 
 
 
From October to February, a statistically significant correlation is observed 
in the study area between the geostrophic air flow speed and the NAO index 
(Table 2). High positive NAO index values and, therefore, the occurrence of 
large horizontal air pressure gradients between Gibraltar and Iceland suggest an 
increasing intensity of the western zonal circulation over a large part of Europe. 
In the case of Southeast Poland, the highest positive correlation coefficients 
occur in the winter months (Table 2). This confirms that at this time of the year, 
the strength of air flow over the European continent is largely determined by 
two centers of atmospheric activity in the Northeast Atlantic Ocean – i.e., the 
Icelandic Low and the Azores High. 
The resultant vorticity shows a statistically significant correlation with the 
NAO index in all months, whereas the correlation is the strongest in the winter 
season (Table 2). A negative correlation coefficient value suggests that increases 
(decreases) in the air pressure gradients over the North Atlantic correspond to a 
strengthening of anticyclonic (cyclonic) circulation over Southeast Poland. This 
may result from the fact that during winters with high positive NAO index values, 
the Azores High pressure system is strongly extended northeastwards towards East 
Europe (Fig. 7a–b). The strengthening of anticyclonic circulation over the analysed 
area can also occur during winters with negative NAO index values, if the 
atmospheric circulation in East Europe is affected by the ridge of the Siberian High 
(Fig. 7c). However, low negative NAO index values usually correspond to the 
weakening of anticyclonic circulation in this part of the continent (Fig. 7d). 
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Table 2. The linear correlation coefficients between the NAO index and the geostrophic 
wind speed (F), as well as the resultant vorticity (Z) in the period 1871–2010 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
F 0.52a 0.33a 0.14 -0.01 -0.18 -0.07 0.16 0.03 -0.04 0.22b 0.24b 0.36a 0.30a 
Z -0.37a -0.38a -0.38a -0.22b -0.39a -0.28a -0.24b -0.49a -0.51a -0.33a -0.36a -0.28a -0.31a 
a, b – significant at p < 0.001, p < 0.01, respectively 
 
 
 
 
  
Fig. 7. Mean sea-level pressure fields from December to February at the Euro-Atlantic 
sector in the winter seasons of (a) 1988-89 (NAODJF = +2,99), (b) 1974-75 (NAODJF = 
+1,96), (c) 1995-96 (NAODJF = –2,24), and (d) 2009-10 (NAODJF = –3,12). Data from the 
NCEP/NCAR Reanalysis (Kalnay et al., 1996). 
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Mean air temperature in the period from November to February has a 
strong positive correlation with the geostrophic wind speed (Table 3). As it was 
previously mentioned, the occurrence of large horizontal air pressure gradients 
over the North Atlantic in winter is responsible for the intensified western zonal 
circulation. Therefore, the occurrence of mild winters in Southeast Poland is 
determined in particular by a strong advection of relatively warm air at this time 
of the year from westerly and northwesterly directions – i.e., from the Atlantic 
Ocean (Table 4). In turn, a higher frequency of days with northeasterly and 
easterly circulation – i.e., from the cool interior of the Eurasian continent – 
corresponds to the occurrence of severe winters. In June, July, and September, 
the geostrophic wind speed is negatively correlated with air temperature 
(Table 3). At this time of the year, the temperature of the Atlantic is lower than 
that of the surface of the continent. Therefore, cooler summer seasons over 
Southeast Poland occur in tandem with an increased frequency of westerly and 
northwesterly circulation, whereas warmer summers are experienced if days 
with easterly and southeasterly circulation are prevalent (Table 4). 
 
 
 
 
Table 3. The linear correlation coefficients between the air temperature and the 
geostrophic wind speed (F), as well as the resultant vorticity (Z) in the period 1871–2010 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
F 0.54a 0.28a 0.12 -0.02 0.00 -0.31a -0.35a -0.20 -0.28a 0.16 0.22b 0.30a 0.17 
Z -0.02 -0.03 -0.05 -0.05 -0.13 -0.32a -0.21 -0.02 -0.27b 0.03 0.27b 0.19 -0.14 
a, b – significant at p < 0.001, p < 0.01, respectively 
 
 
 
 
 
Table 4. The linear correlation coefficients between the frequency of air flow directions 
and the geostrophic wind speed (F), as well as air temperature (T) in winter and summer 
(1871–2010) 
 Winter (DJF) 
 N NE E SE S SW W NW 
F 0.11 -0.28a -0.34a -0.18 -0.05 0.09 0.51a 0.39a 
T 0.08 -0.36a -0.62a -0.45a -0.02 0.48a 0.48a 0.32a 
 Summer (JJA) 
 N NE E SE S SW W NW 
F 0.07 0.18 0.15 0.05 -0.11 -0.05 0.18 0.08 
T -0.18 0.09 0.34a 0.28a 0.11 -0.06 -0.31a -0.34a 
a, b – significant at p < 0.001, p < 0.01, respectively 
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The strength of the correlation between the geostrophic wind speed in winter 
and the NAO index has recently been subject to a considerable change (Fig. 8). In 
each of the subsequent 30-year periods, the lowest correlation coefficients  
(0.2< r< 0.3) occurred in the second decade of the 20th century and in the first 
half of the 1960’s. A weak correlation was also determined from the 1930’s to the 
1960’s between air flow speed and air temperature. In both cases, a very rapid 
increase in the correlation coefficient values from the 1980’s to the end of the 
analyzed period was significant. In the first decade of the 21st century, more 
than 50% of the variance of the mean air temperature in winter was explained by 
the geostrophic wind speed. In the case of correlations between the air 
temperature and the winter NAO index, reasonably high correlation coefficient 
values (0.6< r< 0.7) have been recorded since the mid 1960’s (Fig. 8). 
 
 
 
 
Fig. 8. Long-term variability of correlation coefficient for each of the 30-year moving 
periods between the geostrophic wind speed (F), the NAO index, and the mean air 
temperature in winter (DJF). Horizontal dotted lines indicate correlation significant at a  
p-value of 0.01; horizontal dashed lines at a p-value of 0.05. 
 
 
 
Over recent decades, a considerable increase has been also noted in the 
strength of the correlation between the geostrophic wind speed and the number 
of days with westerly and easterly air flow in winter (Fig. 9a and c). A higher 
correlation than in previous years has also been recorded since the end of the 
1980’s between the frequency of western zonal circulation and the NAO index 
as well as the air temperature in winter (Fig. 9a). Moreover, in the 1988–2002 
period, a maximum (minimum) frequency of westerly (easterly) zonal 
circulation in winter was recorded over Southeast Poland (Fig. 9b and d). 
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Fig. 9. Long-term variability of correlation coefficient for each of the 30-year moving 
periods among the geostrophic wind speed (F), the NAO index and the mean air 
temperature, and the frequency of (a) westerly (SW+W+NW) and (c) easterly air flow 
(NE+E+SE) in winter (DJF). Horizontal dotted lines indicate correlation significant at a 
p-value of 0.01; horizontal dashed lines at a p-value of 0.05. The interannual frequency of 
(b) westerly and (d) easterly air flow is also presented. Values are smoothed by a  
13-element Gaussian filter (bold line). 
 
 
 
4. Discussion and conclusions 
The present study has revealed that the daily mean geostrophic wind speed over 
Southeast Poland ranged from 3 to 6 ms-1. For comparison, in the area of the 
British Isles, the maximum frequency of days corresponded with a range of 
values from 6 to 7.5 ms-1 (Conway et al., 1996). The highest values occur from 
December to March, and the lowest ones from June to August. In Central 
Europe the occurrence of the highest mean geostrophic wind speed in winter and 
the lowest in summer was also revealed by the results of research undertaken by 
Marosz and Miętus (2012) as well as Brandsma and Buishand (1998). In the 
case of daily mean resultant vorticity, the distribution of days over Southeast 
Poland and British Isles was approximate. 
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The first decade of the 21st century was distinguished by a lower 
geostrophic mean wind speed than in the 1980’s and 1990’s. A strengthening of 
the westerly zonal circulation in the final decades of the 20th century in the 
North Atlantic/European sector was also noted in several climatological studies 
(e.g., Bárdossy and Caspary, 1990; Degirmendžić et al., 2000; Keevallik et al., 
1999; Kyselý and Huth, 2006; Werner et al., 2000). Furthermore, higher annual 
mean values were the most evident in the first decade of the 20th century, and 
lower in the 1960’s. Similar occurrences of maximum and minimum wind speed 
values were found in Switzerland (Brönnimann et al., 2012). In turn, the decade 
of the 1960’s was analyzed by Ustrnul (1997) and Degirmendžić et al. (2000). 
According to the studies, exceptionally weakened western zonal circulation was 
observed over the European continent at this time. 
The highest mean values of resultant vorticity occurred at the beginning of 
the 20th century (a period with intensified cyclonic circulation). The evident 
prevalence of cyclonic over anticyclonic frequency at the beginning of the 20th 
century is also confirmed by the results of research conducted by Przybylak and 
Maszewski (2009), referring to the western area of Central Poland. On an annual 
scale, the maximum values of vorticity over Southeast Poland occur in April and 
May, and the minimum in January. Considerably weakened anticyclonic 
circulation in the spring season was also recorded in the eastern part of Germany 
(Brandsma and Buishand, 1998). 
Geostrophic wind speed over Southeast Poland affects air temperature to 
the greatest extent during the period from December to February. This confirms 
the earlier results obtained for Poland by Kożuchowski and Żmudzka (2002). The 
warmest winters are accompanied by a greater than average number of days with 
westerly circulation and a stronger zonal flow. In contrast to air flow speed and 
direction, no clear correlations were found between vorticity and air 
temperature. 
The highest strength of the correlation (r = 0.80) between the air flow speed 
and frequency of days with a westerly circulation as well as the NAO index 
values in winter has also been observed recently. This suggests that the range of 
impact of sea-level pressure distribution on the character of the atmospheric 
circulation over the North Atlantic and air temperature during winter over 
Southeast Poland may have increased in the recent years. One of the causes may 
be an eastward shift of the position of the center of the Icelandic Low and the 
Azores High in the period from December to February that began in the late 
1970s (Hilmer and Jung, 2000; Johnson et al., 2008). It was reported that the 
relationship between the air temperature over Eastern Europe and the winter 
NAO has strengthened considerably since then because of NAO-related 
intensified zonal flow anomalies over this region (Jung et al., 2003). 
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